The functions of individual amino acid residues in the active site of Thernoanaerobacterium thermosulfurigenes D-xylose ketol-isomerase (EC 5.3.1.5) were studied by site-directed substitution. 
101/Asp-104 pair. Wide differences observed in the catalytic constant (kt) for a-versus i-glucose in the wild-type enzyme and the fact that only the kt for a-glucose was changed in the His-101-+ Asn mutants strongly suggest that the substrate molecule entering the hydride-shift step is stiUl in the cydic form. On the basis of these results a revised hypothesis for the catalytic mechanism of D-xylose isomerase has been proposed that involves His-101, Asp-104, and Asp-339 functioning as a catalytic triad.
D-Xylose ketol-isomerase (EC 5.3.1.5) catalyzes the reversible isomerization of D-xylose to D-xylulose as part of the xylose metabolic pathway in microorganisms (1). Due to its ability to use D-glucose as substrate and convert it to D-fructose this enzyme is widely used in industry for production of sweeteners. Comparison of the primary structures of xylose isomerases, deduced from the nucleotide sequences of cloned genes reveal that amino acid residues, considered to play important roles in the active site of the enzyme are conserved among all species studied to date (2) (3) (4) (5) . It is believed, therefore, that all known xylose isomerases use essentially the same mechanism of catalysis. Two classes of xylose isomerases, however, may be distinguished. Class I, represented by the enzymes from Arthrobacter, Streptomyces rubiginosus, Streptomyces olivochromogenes, and Actinoplanes missouriensis, has the N-terminal portion shorter in comparison with the class II enzymes, represented by the isomerases from Escherichia coli, Bacillus, and Thermoanaerobacterium [formerly classified as Clostridium (3)]. Crystal structures of the class I enzymes have been determined (4-9), but no three-dimensional structures of the class II isomerases have been determined to date.
On the basis of the crystal structure of the Arthrobacter isomerase and its complexes with different substrates and inhibitors a reaction mechanism for aldose isomerization has been proposed (6, 10) . This mechanism included the following steps: (i) binding of a-D-pyranose substrate to the enzyme, (ii) ring-opening, presumed to be catalyzed by the His-53 residue, (iii) conformational rearrangement of substrate from pseudocyclic to an extended open-chain form, (iv)
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hydride shift between Cl and C2, assisted by a divalent metal at position [II] , (v) conformational rearrangement, ringclosure, and release of product. Our previous work on the isotope effect of D-[2-2H]glucose on the reaction velocity (3), as well as the work of other groups (10), indicated that the transfer of hydrogen between Cl and C2 is the rate-limiting step of the isomerization pathway. Indications were also found that Trp-139 residue (corresponding to Met-87 in Arthrobacter) may be a steric hindrance for accommodation of glucose in the active-site pocket of the enzyme (11).
In the present work we provide further support for the hydride-shift hypothesis formulated by Collyer et aL (6) and extend it by proposing that the hydride shift occurs in the cyclic form of the substrate rather than in the extended form. We also examine the roles of aromatic amino acid residues in the active site of Thermoanaerobacterium thermosulfurigenes, including the residue that contributes to the discrimination between D-xylose and D-glucose.
MATERIALS AND METHODS
Strains, Plasmids, and Chemicals. E. coli strain HB101 [FhsdS20 ara-1 recA13 proA12 lacYI galK2 rpsL20 mtl-l xyl-SJ (12) was used for expression of the T. thermosulfurigenes xylose isomerase gene as described (3). E. coli strain TG1 [thi supE hisD A(lac-proAB)/F' traD36 proA+B+ lacIq lacZAM15] and bacteriophage M13mp19 (13) were used for site-directed mutagenesis and nucleotide-sequence determination. a-Glucose and p-glucose were from Sigma.
DNA Manipulation. Site-directed mutagenesis was performed by the method of Sayers et al. (14) FtM87"D244
The reaction constant k, calculated from the measurement of mutarotation and expressed in decimal logarithms and min-', was 0.0073 ± 0.0009. Because the spontaneous mutarotation rate is faster than the enzyme-catalyzed rate of glucose isomerization, we assumed that
[2]
The content of p-glucose after 1.5 min of incubation under conditions used for enzymatic reaction was 96.6% of total. The content at 0 time, obtained by extrapolation of the mutarotation curve, was 99.1%. As an approximation, therefore, we can consider that during the first 1.5 min [p-glucose] = constant and
It is reasonable, therefore, to use the average content of a-glucose = 2.2%, present in the solution of p-glucose during the initial 1.5 min of incubation with the enzyme, to calculate the apparent initial velocity offructose formation from a-glucose, Va, from the equation:
where we assumed Vn(aglucose) Vmax(cvgjucose)App and KM(a.glucose) " KM(a-gucose)App.
The velocity of fructose formation from p-glucose at a given concentration of p-glucose, Vq, could thus be calculated and used to calculate Vma(frglucose) and KM(pgluwse). To show the corrections obtained by this method one set of data for the wild-type enzyme is presented in Table 1 .
The same method was used to correct for mutarotation in the determination of the V (aguwse) and KM(a-glucose). It was found that these corrections were very small.
RESULTS AND DISCUSSION
The Role of Aromatic Residues in the Active Site of Xylose Isomerase. In the active site of xylose isomerase from Arthrobacter (Fig. 1) The activity of the wild-type and mutant enzymes was also determined for the a-and ,B-anomers of D-glucose. In the wild-type enzyme kcat( glucose) was 5-fold lower than the kCat(<,lU5C.). The substitution His-101 Asn reduced the kc.t (,,g..) to 12% of the wild-type value, whereas kw(p lucose) did not change. The KM for either anomer remained essentially unchanged (Table 3) . If the hydrogen transfer, shown previously to be the rate-limiting step (3), occurred after the opening of the pyranose ring, it would be expected that kctwglucose) and kcat(a.g1ucosc) would be of the same order of magnitude because anomers do not exist in the open-chain form. Moreover, it would be expected that both constants would be affected to the same extent by the His-101 Asn mutation. The results presented in Table 3 suggest that the hydrogen transfer occurs when the structure of the substrate molecule is cyclic rather than linear. This conclusion is consistent with the results of crystallographic studies done under steady-state conditions in a flow-cell by Farber et al. (4). The electron densities observed by these authors indicated that the rate-limiting step was preceded by a cyclic form of the substrate. We hypothesize that hydrogen transfer and ring opening occur as a concerted single-step reaction. Two possible mechanisms for this step may be considered. In one of them, a base attracts the proton from the C2 carbon of the pyranose; this results in the formation of a cis-enediol intermediate and ring opening during the transfer of proton (22).
His-1011
. In the second mechanism, a base attracts the proton from the C2-OH, and this is followed by a hydride shift and ring opening.
Two arguments can be raised against the cis-enediol intermediate mechanism: (i) no residue capable of acting as a general base has been seen near the C2 hydrogen in the available crystal structures; (ii) no exchange of proton with the medium occurs during the isomerization reaction (23). Therefore, we propose the second mechanism, involving the hydride shift particularly because the crystal structure of the enzyme from Streptomyces (8) (Fig. 3) . Without the hydrogen bond provided by (e.g., in Asp-104 --Ala mutant) the imidazole of His-101 could rotate or take up the tautomeric form that is unfavorable for the formation of the hydrogen bond to the transition state.
In the previously proposed models, the extended-chain molecules ofthe substrate, identified in the crystal structures of the enzyme, were interpreted as being intermediates that precede the hydride shift (6, 8) . It is possible, however, that these extended-chain sugar molecules were not intermediates that preceded the rate-limiting step. They could be, for example, the free ketose of xylulose because it is present as a 20.2% fraction in the aqueous solutions of xylulose at equilibrium (24). Whitlow et al. (8) actually suggested that the extended species in the enzyme-xylose-MnCI2 structures observed in their diffraction pictures may be better described as xylulose.
The Role of Metal-Coordinating Residues. To test the function ofeach ofthe two metal ions in the active-site pocket, we have substituted Asp-309, -296, and -339 residues (Arthrobacter equivalents -256, -244, and 292, respectively; Fig. 1 (26, 27) . We would like, therefore, to propose, in Fig. 4 , another model for the reaction catalyzed by xylose isomerase. In this model, His-101 is locked in one tautomeric form by interaction with Asp-104, and it acts as a hydrogen-bond acceptor to stabilize the substrate and the transition state. Asp-339, acting as a base, attracts the proton from C2-OH of the substrate. This attraction facilitates the subsequent hydride shift from Cl to C2 and simultaneously induces the ring opening. Metal [I] stabilizes the substrate and the transition state by coordination and, perhaps, provides the electrostatic force to stabilize the developing negative charge at the C5-O. The involvement of three different amino acid residues in a catalytic triad is another hypothesis for the xylose isomerase mechanism. Nonetheless, the involvement of a specific catalytic triad has been reported for different hydrolytic saccharidases, such as a-glucanases (28).
